ABSTRACT Ships entering designated emission control areas are required to reduce emission gases drastically, in accordance with international maritime organization regulations or local policies. In this regard, a hybrid power system, which is a combination of conventional generators and lithium-ion batteries as a type of energy storage system (ESS), has been applied to ships. However, this hybrid concept has been focused on small-sized coastal ships, because they have a short voyage time or require high peak power for a short time. And by extension, this paper demonstrates the potential of a hybrid power system for mediumsized oceangoing ships. First, a medium-sized container ship is selected as a target ship. The electric load profile near ports is defined to select the optimum capacity of the ESS and generators. Then, to verify the advantage of the proposed system, this paper uses MATLAB/Simulink software for simulation. Finally, carbon dioxide (CO 2 ) emissions are compared between the proposed power system and the conventional one which uses only generators. The results show that overall, 8.6% ∼ 20.7% CO 2 emissions can be reduced, depending on the electric load conditions of a ship. Hence, a hybrid power system can be an eco-friendly solution for medium-sized oceangoing ships, as well as small-sized coastal ships.
I. INTRODUCTION
Today, nearly all scientists agree that greenhouse gases (GHGs) cause average temperatures to rise and severe climate change in some parts of the world. Much of the extra carbon dioxide (CO 2 ) is the result of burning fossil fuels, such as oil, natural gas, and coal. In the marine industry, as well, emission problems have been issued, and stricter regulations have been implemented.
A medium-to large-sized container ship running at 70% power for one day, using bunker fuel at 35,000 ppm (3.5%) sulfur, emits on average, as much PM2.5 (fine particulate matter less than 2.5 micrometers in diameter) as half a million trucks in a single day in China [1] . Approximately 70% of ship emissions occur within 400 km of the coastline [2] , [3] . Therefore, there is an increased potential health risk, including decreased lung function, cardiovascular disease, aggravated asthma, etc., especially for people living close to ports and coastal regions. The health care costs have increased in the regions accordingly. The main contributions of the air pollution are the high concentrations of noxious gases emitted by the combustion of heavy fuel oil (HFO) in a ship.
In this regard, sulphur oxides (SO X ) and nitrogen oxides (NO X ) limits, for fuel oil used by ships in designated coastal emission control areas (ECAs: Baltic Sea, North Sea, and North American coastal areas, etc.), have been imposed by the international maritime organization (IMO). In particular, the limit of SO X has been 0.10% m/m since 2015. It is 10 times stricter than the previous limit of 1.0% m/m, and all main engines, generator engines, and boilers are affected by the regulations. Therefore, vessels using HFO are required to take actions when entering emission control areas (ECAs).
In response, after-treatment systems of exhaust gases (SO X scrubber, selective catalytic reduction, etc.), replacement by alternative fuels (Liquefied natural gas, methanol, biofuel, etc.), and the application of an energy storage system (ESS) have been getting attention from the marine industry, to improve operational efficiency and reduce harmful emissions.
However, the application of an ESS, which refers to lithium-ion secondary batteries, is limited to several types of ships. In the case of ferries and cruise ships which have short voyage times, the ESS is a suitable power source, because it is noise-free and vibration-free. In the case of tugs, dynamic positioning (DP) vessels that require high electric power for a short time, the ESS can be used for a limited time in response to peak operations [4] . Furthermore, the ESS has becoming a main power source replacing with conventional generators to small costal ships.
For an oceangoing medium-sized merchant vessel, which requires megawatt (MW)-class electric power, it is not easy to totally replace the main power source from generators with an ESS. Therefore, a hybrid concept combining an ESS with generators is preferable. In this regard, an analysis was conducted, to verify the efficiency of the hybrid strategy for medium-sized merchandise ships.
This paper is divided into three parts. In Chapter 2, a target ship is introduced with some assumptions and limitations. In Chapters 3 and 4, the battery/generator hybrid system is simulated using MATLAB/Simulink software, based on two scenarios: lowest and heaviest power demands. In Chapter 5, CO 2 emissions of a conventional power system and the proposed system are compared. Lastly, this paper provides concluding remarks.
II. SIMULATION TARGET SHIP
The simulation target ship is a container ship that usually visits several ports during a voyage. It is called a transshipment, which is the act of unloading some containers from one ship (generally at a hub port) and loading them onto another ship to be carried further to the final port of discharge. In this case study, it is assumed that a 5,000 twenty-foot equivalent units (TEUs) container ship is unloading 500 TEU containers for the transshipment at a hub port.
And the simulation is conducted focused on the port operation. Generally, the port time is divided into three modes, which vary with ship types and port facilities. And the heavy electric consumers for container ships are different, depending on operation modes (given below) [5] . If a ship transports reefer containers, the heaviest electric load is mostly reefer containers:
• Port in/out (approach to/depart from a port): bow thruster, main engine auxiliary blower, mooring winch motor, etc.
• Harbor (waiting) at a port: engine room ventilation fan, necessary equipment for living onboard, etc.
• Loading/unloading of containers at a port: anti-heeling pump, ballast pump, etc. The above port in/out mode is divided into two parts:
• No operation of a bow thruster (low speed moving into a port after a pilot is on board).
• Operation of a bow thruster (very low speed closing to a port for a complete approach). It is reported that the bow thruster is used for about 20 ∼ 40 minutes in a port. Also, the harbor (waiting) mode includes preparation time before starting of cargo handling, as well as arrangement time after completing cargo handling. During these times, the shore power connection or • The ESS type: lithium-ion battery with 80% depth of discharge (DoD)
• The hub port has AMP facilities for the battery charging The actual power consumption of reefer containers is different depending on their operating status, especially temperature. In this case study, a single reefer container is assumed to utilize about a 7 kW electric load, which can be expected to transport bananas [8] .
III. PROPOSED HYBRID POWER SYSTEM
The conventional power system has four generators, but the proposed hybrid system combines generators and the ESS for the power supply as follows:
After:
where PG t is the total generating power, PG X is the generating power of No. X generator, PG 3 is the generating power of the down-sized No. 3 generator, and PB X is the generating power of No. X ESS. Therefore, the conventional power system and the proposed hybrid power system are shown in Figure 1 . In this paper, two scenarios are selected depending on the load case at a port as below, and the simplified load profiles are shown in Figure 2 .
• Scenario 1: no reefer containers (the lowest power demand condition)
• Scenario 2: full reefer containers (the heaviest power demand condition)
The capacity of G3 is determined considering that generators (G1, G2, G3 ) have an 85% operational road factor in the normal seagoing mode with full reefer containers.
And the ESS capacity is based on the heaviest power condition-port in/out mode with full reefer containers. This is calculated based on technical standard IEEE Std. 485 [9] , as detailed below. It is assumed that the battery is operated with 80% depth of discharge (DoD) -10 -90% state of charge (SOC) and its highest demand energy for the battery (E d ) is 1,195 kWh at port in/out mode with full reefer containers. (refer to Table 1(b)):
B required = 4, 074Ah × 440V = 1, 793kVAh < 2MWh (5) where C min is the minimum battery capacity (Ah), V dc is the nominal battery voltage (V), k dod is the battery DoD (%), k a is the battery aging factor (%), k c is the capacity rating factor (%), k t is the temperature correction factor (%), k e is system efficiency (%), and B required is the required battery capacity (kVAh). The factor k combined (k a , k c , k t , k e ) is assumed to be 1.2 in total, because there are no standard industry practices for the lithium-ion battery yet. Therefore, the required battery capacity is determined at about 2 MWh, considering a 10% safety margin, and this capacity is divided into two parts of 1 MWh each for redundancy. Table 1 shows the demand power for each of the operation modes for no reefer containers, and full reefer containers. As shown in Tables 1(b), G3 is downsized from 1.8 MW to 1.0 MW. Thus, it is possible to maintain the high fuel efficiency by operating at a load factor ranging of 76% to 85%, and it occurs even in the normal seagoing mode with full reefer containers. The configuration of the simulation model is shown in Figure 3 , which is consisted of shore power charging part, rectifying part, battery part, and load part. In the ESS part, two sets of ESS have 1MWh capacity each, and their SOC are set to operate between 10-90% (80% DoD). The simulation was conducted based on the electric load required for the ESS, considering the complexity and long-term simulation time.
IV. SIMULATION RESULTS AND DISCRIPTION
A. SIMULATION RESULTS FOR SCENARIO 1 Figure 4 shows the simulation results for scenario 1, that is, the lowest electric load condition (no reefer containers). As shown in Figure 4 (a) for SOC1, the lowest SOC value of B1 is 25.8%, and the lowest SOC value of B2 is 18.5%. And the B1 & B2 are to be charged after leaving a port by an onboard generator and the total charging capacity of B1&B2 is 1,357kWh as follow. Also, Figure 4 (b) shows that the current is slightly higher at the end of discharging; on the other hand, the current is slightly lower at the end of charging. It is related to the characteristic of the lithium-ion battery that occurs at end points of the charging or discharging operation. However, this battery characteristic can be compensated by using the control and management system in the real application. Figure 5 shows the simulation results for scenario 2, that is, the biggest electric load condition (full reefer containers). In this case, the B1 & B2 are operated together to cope with the heavy load. As shown in Figure 5 Also, the current of B1 & B2 for scenario 2 is shown in Figure 5 (b).
B. SIMULATION RESULTS FOR SCENARIO 2

V. FUEL CONSUMPTION AND CO 2 EMISSIONS
The amount of CO 2 emissions is related to the quantity of fuel oil consumption of generators, and this is dependent on the operational load factor of the generator [10] - [12] . If the generator operates at low load conditions, it is required more fuel (in other words, it contributes to more CO 2 emissions) than the optimal load factor (70 -90%).
The specific fuel oil consumptions (SFOCs) of a generator that is using HFO is assumed as shown in Table 2 , based on several reported data, because each generator models have different values according to each specification [13] - [15] . And the CO 2 emission factors are calculated from the SFOCs assuming a fuel carbon content of 86.7% by weight 14 and a ratio of molecular weights of CO 2 and C at 3.667 based on the below equation [16] . CO 2 emission factor = SFOC × 3.667 × 0.867 (10) From Table 2 , the total amount of CO 2 emissions for scenario 1 can be calculated in Table 3 (a) for the VOLUME 6, 2018 conventional power system, while the CO 2 emissions for the proposed hybrid power system (w/ ESS) can be calculated in Table 3 (b). Similarly, the total CO 2 emissions for scenario 2 is provided in Table 4 , parts (a) and (b), respectively. Tables 3 and 4 , CO 2 emissions are reduced by 23.9% in scenario 1 (no reefer containers) and by 10.9% in scenario 2 (full reefer containers). And the CO 2 reduction is about 1.64 [tons] for scenario 1, which is the amount of CO 2 produced by 106 cars per day, and 2.14 [tons] for scenario 2, which is the amount of CO 2 produced by 138 cars per day (the average amount of CO 2 from a single car: 15.5kg/day [17] ).
As shown in
In addition, it takes into consideration CO 2 emissions from shore electricity generation. The carbon intensity of grid electricity is determined by the fuel used for generating electricity. And emissions from grid electricity are usually smaller than those from ships, because the efficiency of large power plants is better than relatively small diesel generators. Besides, parts of the electrical power ashore could be produced by water, wind, solar, or geothermal energy [18] .
In the case of European Union countries (members belonging to the Organization for Economic Co-operation and Development), which the most AMP facilities have been installed in the world, the CO 2 emission factor is assumed 311 g/kWh [19] , and the electricity transmission /distribution loss is assumed 10% [20] . Thus, CO 2 emissions for the battery charging at a port are calculated as below. (12) To summarize, even though indirect CO 2 emissions are produced to charge of the onboard battery from the shore power, the overall CO 2 emissions could reduce by 20.7% for scenario 1 (the lowest power demand condition) and 8.6% for scenario 2 (the heaviest power demand condition).
VI. CONCLUSION
This paper presents a battery/generator hybrid power system to reduce CO 2 emissions at ports, based on a medium-sized reefer container ship. And two scenarios are assumed for simulation: lowest and heaviest power demands.
So far, an ESS has been mostly applied to small-sized coastal ships, and not to medium-to large-sized oceangoing ships. However, the results show that a battery/generator hybrid system can help to reduce the CO 2 emissions of medium-sized ships. By integrating an ESS into a power system, it is possible to operate with fewer generators. In addition, the average generating load factor is increased to approximately 75 -85%, thus, it can maintain the high fuel efficiency. Furthermore, even if indirect CO 2 emissions are produced for battery-charging from shore power, they are smaller than those directly generated by ships. Therefore, it is shown that an ESS is a green solution for medium-sized oceangoing ships, even though the ESS is not the main power source, but an auxiliary power source of a ship.
It is reported that the cost of lithium-ion batteries has been gradually declining due to the booming electric car industry. Furthermore, shore power facilities have been installed at many global ports, not only to meet the stricter environmental regulations in the marine industry, but also to reduce health risks at ports. In this regard, an optimal power solution, such as this battery/generator hybrid system, can be a preferable solution for medium or large-sized oceangoing ships. 
